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Preface
All the research for this dissertation was carried out in the Materials Physics Lab-
oratory at Helsinki University of Technology. Signiﬁcant part of the work was done
in collaboration with Micronas Semiconductor SA, Neuchaˆtel, Switzerland and with
Thomson Microsonics (currently TEMEX), Sophia-Antipolis, France. My work has
been ﬁnancially supported by the Nokia Foundation and the Foundation of Tech-
nology (TES, Finland) through scholarships and a travel grant. I would also like
to thank the graduate school in Technical Physics for accommodating my graduate
studies and research.
I miss Professor Martti M. Salomaa, the director of the Materials Physics Labo-
ratory. His untimely death on the 9th of December 2004 deprived an inspiring and
talented instructor from me as well as from many other students. Professor Salomaa
was my steadfast supervisor from the very beginning of my work at the University
and I remain indebted to him for his persistent support over the past eleven years.
His eﬀorts for organizing the resources for the experimental part of this work were
extraordinary and his trust and encouragement indispensable, ﬁrst for the comple-
tion of my Master’s thesis and later on during my PhD work. His enthusiasm and
devotion towards science were inspiring for a young researcher. I was fortunate–and
privileged–to work in his laboratory. In future I hope to keep up the same joyful
attitude towards work and new challenges as Martti did.
The experimental results achieved with the laser interferometer would probably
have amounted to very little without the contributions of Dr. Clinton Hartmann,
Professor Viktor Plessky and Dr. Julius Koskela. The insight of Dr. Hartmann
and Professor Plessky on surface acoustic waves and the diligent simulation work
of Dr. Koskela helped to explain the acoustic leakage eﬀect observed experimentally.
I am deeply grateful to all three for harnessing their knowledge and expertise to inter-
pret the cryptic wave ﬁeld patterns time and again. With such outstanding scientists
as co-authors it is practically impossible to fail. I would especially like to thank
Dr. Hartmann for providing the idea of studying bulk acoustic wave radiation on
the backside of the substrate. The followed research gave birth to two of the seven
publications constituting my Thesis work.
I also wish to credit Dr. Thor Thorvaldsson. When the interferometer was ready
to be tested with real-life SAW components, the ﬁrst samples were provided by him
and his colleagues at Micronas Semiconductor SA. These samples were crucial for
perfecting the setup and played an important role in the discovery of the banana
eﬀect. Pasi Tikka is acknowledged for his help in developing the interferometer during
the early years and Maria Huhtala is acknowledged for doing measurements and
programming the ﬁrst visualization software. Furthermore, I want to thank Jaakko
Saarinen for carrying out measurements and Juha Vartiainen for developing the fast
visualization program still in use as well as for devising several data analysis tools.
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Collaboration–in the framework of Eureka project E! 2442 SUMO–with people
from Temex Microsonics was not only scientiﬁcally fruitful but also a very pleasant
period of intensive teamwork and mutual visits between the groups. I wish to ex-
press my whole-hearted thanks to William Steichen, Marc Solal, Laurent Kopp and
Ste´phane Chamaly. I also wish to thank Pierre Duﬁlie, from Temex USA, for sharing
his insight on fan-shaped ﬁlters. Over the years I have also enjoyed many interest-
ing and enlightening discussions with people working in the ﬁeld: Professors Ken-ya
Hashimoto, Ali-Reza Baghai-Wadhi, Takao Chiba and Dr. Clemens Ruppel. Thank
you for teaching a novice like me.
I am delighted that so many members of the surface acoustic wave group are
present at the laboratory at the time of my dissertation. Very special thanks go to
Tapani Makkonen who was always ready to lend me an ear whenever I was facing
problems, both in the oﬃce as well as oﬀ-duty. I value his friendship very much. I also
want to thank Saku Lehtonen for being the positive force of the laboratory amidst
challenging times, and especially for helping me and others after the departure of
Prof. Salomaa. Without Saku’s encouragement, proofreading and guidance, keeping
up with the schedule and, ultimately, completing the manuscript would have been in
grave danger. I shall remain indebted to both Saku and Tapani for helping me on
numerous occasions when the tangled dissertation process was about to overwhelm
me. For many years I was fortunate to have Johanna Meltaus as my roommate, her
positive attitude and sense of humor made daily work a joy; . The next
generation of lumberjacks, Olli Holmgren and Kimmo Kokkonen, I thank for pushing
the performance of the existing laser interferometer–as well as the boundaries of
indecent humor–farther than what I could ever imagine. My consolation is the fact
that both scoundrels will some day be tormented with the task of coming up with
witty phrases for the prefaces of their PhD books. Finally, I wish to thank all the
staﬀ–former and present–at the Materials Physics Laboratory. The atmosphere at
the lab has been quite unique and I cannot imagine a better place for carrying out
research and daily work.
The members of the academic culinary club, initiated by Drs. Tapani Makkonen
and Pekka A¨yra¨s, including in addition Drs. Janne Salo and Teemu Pohjola, cannot–at
least with a straight face–be acknowledged for improving my cooking skills. Instead,
a big thanks goes out for arranging many delicious culinary moments accompanied
with laughter and hilarious blunders with overly complex food recipes.
As for late night nourishment, often vital for the completion of conference papers,
thesis work and manuscripts, I owe a big thanks to the staﬀ of the nearby grill located
at the Otaniemi mall. They serve the best hamburgers in the metropolitan area–and
best of all, upon request, with plenty of extra mayonnaise.
Finally, I would like to thank my friends–including those already mentioned–and
my parents for all the support and love that I have received over the years. I am
also fortunate to have two top class brothers, Tauno and Lauri. Thanks for being
there, dudes! And a warm thanks to Cindy for her encouragement. Sweetie–I ﬁnally
ﬁnished the damned book!
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1 Introduction
Surface acoustic waves (SAWs) are elastic waves propagating on the surfaces of solid
media. The term surface acoustic wave originates from the fact that, contrary to
bulk waves with a low degree of localization, the surface-wave amplitude attenuates
exponentially as a function of depth into the substrate. The most widely known type
of SAWs is referred to as a Rayleigh wave after Lord Rayleigh who in 1885 published
the ﬁrst paper with a mathematical solution describing a surface acoustic wave [1].
In nature, surface acoustic waves are observed, along with bulk acoustic waves, in
connection with earthquakes.
Surface acoustic waves have been utilized in electronic signal processing since the
1960s. Work on practical applications began in 1965 when White and Voltmer at
the University of California developed the interdigital transducer (IDT) which en-
ables the generation of surface acoustic waves via electric excitation on piezoelectric
crystals [2]. The electronics industry quickly recognized that signal processing uti-
lizing SAWs could readily be applied to the design of analog electrical ﬁlters and
delay lines operating at selected frequencies in the range from about 10 MHz up
to hundreds of megahertz. Since the early days, SAW technology has found many
commercial applications. SAW devices are used in several areas of intermediate and
radio-frequency signal processing, including cheap mass-produced ﬁlters–numbering
in billions of units–used for analog and digital television receivers and remote garage
openers. At the other extreme of applications, SAW technology can be found in high-
cost, high-performance pulse compressors used for radar applications, as well as in
other demanding applications of electronic warfare.
Reasons explaining the success of SAW technology are many. First, SAW devices
can be produced using planar semiconductor fabrication technologies. Typically only
one or two lithographic steps are required, which makes them cost-competitive in
mass-volume applications. Second, SAW devices typically achieve better performance
than components implemented with lumped elements. This can be partly attributed
to the fact that fairly simple IDT structures can be designed to provide powerful
analog signal processing functions, resulting in an excellent performance, e.g., in
ﬁltering. Third, SAW components are of small size and light weight. This stems from
the slow velocity of surface acoustic waves. In general, a resonating structure will
require dimensions of the order of wavelength. For electromagnetic waves propagating
at the speed of light the wavelength at 1 GHz is 30 cm. For surface acoustic waves
propagating at velocities around 3 km/s, the wavelength is only ∼3 µm at the same
frequency. The velocity-diﬀerence factor of 105 is substantial. Although the size of
electromagnetic resonator structures can be decreased by using dielectric materials,
the extremely small characteristic size provided by surface acoustic waves has not been
matched. However, it should be noted that even if a small device size is desirable
for applications, the available fabrication technologies set limits to the cost-eﬃciently
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realizable detail size. Hence, very high frequency applications, close to and above
10 GHz, are currently not produced using SAW technology.
The most recent and also perhaps the most challenging applications for surface
acoustic wave ﬁlters are found in modern wireless communication systems, especially
in handheld mobile phones. To fulﬁll the extremely stringent demands on size and
low losses, a novel class of surface-acoustic wave (SAW) ﬁlters was developed during
the 1980s and 1990s. Simultaneously, to satisfy the requirements set by the then
emerging mobile phone standards, such as GSM and PCN, the frequency range for
SAW ﬁlters was also extended to 1 GHz and later to 2 GHz. Improvements in the
achievable resolution and process control of optical lithography played a major role
in this progress and will most likely continue to do so in the future. The beginning
of the millennium has witnessed new rapid developments towards higher frequencies
and new applications–such as Bluetooth which operates at 2.45 GHz. Currently, one
of the main challenges for SAW ﬁlters is the need to reach frequencies up to 5 GHz,
required by such emerging technologies as wireless LAN. All this development work
is driven by the fact that wireless communication systems constitute a huge market
for SAW components.
SAW
Piezoelectric substrate
Output
Input
IDT’s
Figure 1.1: Schematic of a conventional SAW ﬁlter. It comprises a pair of IDTs,
one acting as a transmitter of surface acoustic waves and the other as a receiver.
Another challenge set by wireless communication applications is the requirement
of low insertion loss. The conventional SAW ﬁlter designs, mainly developed in the
1960s and 1970s, utilize the frequency dependent conversion of the electric signal into
an acoustic wave with an IDT, followed by a reconversion into an electric signal with
another IDT. A schematic of such a SAW ﬁlter is shown in Fig. 1.1. Due to the
bidirectionality of the IDT, the conventional SAW ﬁlters have a minimum insertion
loss of 6 dB. Additional losses result from electrical matching necessary for achiev-
ing, e.g., a ﬂat passband. Total losses are typically in the range of 15-25 dB. In
the communications receiver circuitry, high losses limit the usage of such SAW ﬁlters
to intermediate frequency (IF) signal processing stages, operating with millivolt sig-
nal levels. Signal-to-noise limitations imposed by the high insertion loss render the
conventional SAW ﬁlters unsuitable for radio frequency (RF) ﬁltering stages involv-
ing microvolt-level inputs. Conventional SAW ﬁlters are also not applicable in the
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RF transmitter circuitry where high insertion losses would lead to excessive power
consumption and shortened battery time for handheld applications.
The advances made in SAW technology during the 1990s were signiﬁcant. Cur-
rent RF SAW ﬁlters typically feature an insertion loss within 1-2 dB. Such second-
generation low-loss devices can be achieved by four main approaches developed dur-
ing the past twenty years: (i) impedance element ﬁlters (IEFs) [3–7], (ii) coupled
resonator ﬁlters (CRFs) [8–10], (iii) transversely coupled resonator ﬁlters (TCFs)
[11–13], and (iv) interdigitated IDT structures (IIDTs) [14,15]. Today, the RF SAW
ﬁlter market is covered by IEFs and CRFs. Out of the four listed low-loss device
types the ﬁrst three approaches utilize SAW resonators. Thorough understanding
and accurate simulation tools describing the operation of SAW resonators are re-
quired for device design–the performance of a ﬁlter is to a large extent determined
by the performance of the resonators. But due to the complexity of the problem–
which involves time-dependent electrical ﬁelds coupled to mechanical vibrations in an
anisotropic crystal–the simulation tools inevitably have their limitations, failing to
predict unexpected phenomena. In such circumstances, application of experimental
probing techniques to directly measure the acoustic wave ﬁelds within the device can
be instrumental.
Interferometric techniques allow the measurement of small changes of physical
quantities (length, pressure, temperature, etc.) that inﬂuence the propagation prop-
erties of light. This is generally accomplished by letting two waves interfere, one
undisturbed and one changed by the object. In the course of history many decisive
and important experiments have utilized interferometry, such as the failed attempt
by Albert A. Michelson and Edward W. Morley to measure the eﬀect of moving ether
on the velocity of light. The historic null result, as scientists call it, was the proof
that ether, which at the time was commonly included in the physical interpretation
of the universe, does not exist. The experiment also suggested that the speed of light
plus any other added velocity was still equal only to the speed of light. To explain the
results of the Michelson-Morley experiment, physicists had to search for a new and
more reﬁned foundation, something that resulted, eventually, in Albert Einstein’s for-
mulation of the special theory of relativity in 1905. Today, the speed of light is ﬁxed
to an exact numerical constant and the basic unit of length, the meter, is related to it.
Typically, the calibration of length meters is achieved using carefully stabilized laser
sources and optical interferometry. Interferometry also has many other applications
including, e.g., optical gyroscopes which typically utilize the Sagnac interferometer.
These sensitive ﬁber-optic gyroscopes (FOG) are utilized in inertial navigation and
guidance systems on board ships, submarines, commercial jet aircrafts, carrier rock-
ets and satellites. Also the basic research of physics may soon beneﬁt from new
results obtained with optical interferometers. Scientists at the laser interferometer
gravitational wave observatory (LIGO) are attempting to detect cosmic gravitational
waves with the help of 4-kilometer-long highly advanced interferometers possessing
unprecedented sensitivity. Observation of gravitational waves, produced by violent
events in the distant universe, such as collision of two black holes or shockwaves from
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the cores of supernova explosions, could be used to verify the predictions made in
1916 by Albert Einstein in his general theory of relativity.
Owing to its ability to detect small changes, optical interferometry can be applied
to studying ultrasonic vibrations, including the imaging of surface acoustic waves,
a task which requires detecting minute displacements down to the nanometer scale.
The main advantage of optical interferometry is the fact that the beam does not
perturb the surface acoustic wave and, therefore, does not inﬂuence the operation of
the SAW device. In other words, the technique is a non-contact method, which also
implies that there are no fundamental restrictions on surface temperature should a
need for such measurements arise. Furthermore, the point of measurement may be
quickly relocated and a high spatial resolution can be obtained without reducing the
sensitivity. With a suitable light source and focusing optics the measurements may
be localized at a sub-micrometer level. However, it should be noted that the spatial
resolution is limited by diﬀraction to the order of the wavelength of the light. With
optical probing one can also attain a ﬂat broadband frequency response, particularly
at high frequencies, which is diﬃcult to achieve with, e.g., piezoelectric transduc-
ers. For optical measurements the frequency limitation arises from the high-speed
photodetector used. However, as photodetectors are readily available for frequencies
greatly exceeding the operation range of current SAW devices, this limitation does
not pose a problem for imaging SAW ﬁelds. Moreover, the vibration amplitude mea-
surements may be directly related to the wavelength of the light and, hence, no other
calibration is required. However, this typically requires the use of optical hetero-
dyning. The main disadvantages of interferometry are that it is admittedly rather
insensitive compared to the use of piezoelectric devices and that it typically requires
a stable setup and careful alignment of the optical components.
The research work described in this Thesis concentrates on studying SAW res-
onators, more speciﬁcally resonators which utilize the leaky surface acoustic wave
(LSAW). This work is carried out with an optical laser interferometer developed at
the Materials Physics Laboratory speciﬁcally for the purpose of studying SAW com-
ponents. A brief introduction to imaging surface acoustic waves and diﬀerent imaging
techniques used is given in Chapter 2 along with references to previously published
results in the area of optical imaging of SAWs. Most commonly reported techniques
include surface tilt detection, i.e., the knife-edge technique; surface displacement de-
tection, i.e., interferometry; and light diﬀraction arising from the periodic pattern
created on the surface by the surface acoustic waves, i.e., the diﬀraction grating tech-
nique. All of these are optical detection techniques. Other techniques and devices
such as scanning acoustic force microscopy (SAFM), scanning tunneling microscopy
(STM), scanning electron microscopy (SEM), the electrostatic probe and the electro-
magnetic acoustic transducer (EMAT) have also been applied to detection of SAWs
but to a much smaller degree than optical techniques.
The scanning Michelson interferometer developed in the Materials Physics Lab-
oratory is introduced in Chapter 3. The optical setup of the interferometer, the
sample translation system, detection electronics, and control software are all brieﬂy
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explained. The achieved spatial resolution and sensitivity are also discussed. This
work is reported in Paper I.
Results from the studies of LSAW resonators on lithium tantalate (LiTaO3) are
given in Chapter 4. Publications II, III, IV and V involve the study of an acous-
tic loss mechanism discovered with the scanning Michelson interferometer. This loss
mechanism, resulting from leaky surface acoustic waves escaping to the busbars, can
seriously degrade the performance of LSAW resonators. The results published by the
author and co-authors have been widely acknowledged by other scientists and engi-
neers working with LSAW impedance element ﬁlters. Publications VI and VII involve
direct measurements of bulk acoustic wave (BAW) radiation from LSAW resonators.
Such radiation into the bulk is inherent for LSAW resonators. Theoretical models and
numerical simulations characterizing the phenomenon have been previously published
but very few publications report direct measurements of the bulk acoustic waves ra-
diated from LSAW resonators. The results in Publications VI and VII yield unique
information on BAW radiation ﬁelds generated by a LSAW resonator on LiTaO3. The
conclusions and discussion are provided in Chapter 5.
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2 Optical Imaging of SAW Fields
The ﬁrst papers reporting detection of surface acoustic waves–or the measurement of
surface vibrations–by optical means were published in the late 1960s1 by Ippen [16],
Korpel et al. [17], Krokstad et al. [18], Deferrari et al. [19], Mayer et al. [20], Auth et
al. [21], Adler et al. [22], Whitman et al. [23], Salzmann et al. [24,25], Slobodnik [26],
Serbyn et al. [27], Sizgoric et al. [28], Ash et al. [29], Soﬀer et al. [30], Lean et al. [31–33]
and Richardson et al. [34]. In these papers the three main optical techniques for
detection of surface acoustic waves are presented: various implementations of the
diﬀraction grating technique [16–18,20,21,24–26,30–33], the knife-edge technique [22]
and the detection of ultrasonic vibrations using optical interferometry [19,23,27–29].
A non-optical method, i.e., the electrostatic probing technique was also introduced
[34]. During the 1970s a wealth of papers continued to report on optical detection
methods of SAWs and on various parameters determined from the experiments [35–
87]. The diﬀraction grating technique was widely applied during the end of the 1960s
and throughout the 1970s, while the knife-edge technique and interferometry, both of
which allow high-resolution phase-sensitive detection, have gained popularity during
the 1980s and 1990s.
Many excellent review articles and book chapters on the detection of SAWs have
been published [88–98]. They provide the reader with a thorough introduction on
the various techniques and the key results obtained. However, since many of the
non-optical methods were not applied or invented at the time of publication of these
reviews, they discuss mainly or solely the optical methods. This is in line with the
fact that the majority of the results obtained via direct probing of SAWs have been
achieved by applying optical imaging techniques. The usefulness of these review
articles cannot be overemphasized if one is interested in the ﬁeld of SAW imaging.
Direct measurement of the ultrasonic vibration on the substrate surface can be
used for a variety of purposes which range, in one extreme, from fundamental work on
studying acoustic-wave physics to simultaneously measuring and tuning an operative
SAW component in the other extreme. Practically all the important wave propagation
parameters such as velocity [21, 29, 30, 35, 41, 43, 53, 72, 73, 79, 99–128], attenuation
[17,24,26,31–33,37,38,41,48,49,51,53,76,100,101,107,110–112,117,121,124,129–135],
beam-steering [33, 36, 38, 48, 63, 123, 131], beam focusing [22, 63, 136–145], diﬀraction
[22,30,33,38,41,44,48,52,57,62,70,76,100,101,103,111,113,118,126,146–150], refraction
[103, 150], scattering [45], aberration [151], transduction [36, 61, 152, 153], reﬂection
[22, 33, 51, 53, 72, 74, 81, 86, 105, 112, 152–156], transmission [33, 51, 86], waveguiding
eﬀects [29,50,66,146,154,157,158], and the generation of harmonics [31–33,37,42,43,
49,53,59,64,65,67,76,77,133–135,159,160] can be obtained by directly measuring the
1Here the term ’first papers’ refers to the time after the invention of the laser and the IDT. Earlier work on
optical detection of ultrasonic waves, dating back to the 1920s, does exist. See, e.g., the review papers of White [89],
Stegeman [92] and Royer [98] for details.
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acoustic vibrations. Also the value of the piezoelectric coupling coeﬃcient (K2) can
be determined [107,117]. In addition, the generation and build-up of surface acoustic
waves within, and emitted by, IDT structures [54,55,69,152,161–166] can be directly
measured, as well as the the standing wave ratio [53, 78, 80, 84]. The operation of
multistrip couplers and beam compressors can be evaluated [62, 81, 161]. Radiation
into BAWs and BAW reﬂections from substrate interfaces may be investigated [18,39,
46,47,56,59–61,68,71,72,75,82,83,85–87,112,125,153,167,168]. Also the bulk particle
motion ﬁelds of SAWs have been measured [169]. Identiﬁcation of diﬀerent wave
types, such as the Rayleigh SAW, leaky SAW, surface skimming bulk wave (SSBW),
etc., is possible via visualization and analysis of surface-wave ﬁelds [123,126,153,170].
For longitudinally and transversely coupled SAW resonator ﬁlters (CRF and TCF,
respectively), diﬀerent longitudinal and transversal modes can be directly veriﬁed
[155, 171–176]. Also operation of reﬂective array compressors (RACs) and slanted
array compressors (SACs) have been studied using optical probing [103, 112, 130,
150, 164, 177, 178]. The surface acoustic wave dispersion relation for various wave
types can also be directly derived by probing suitable test structures [42, 110, 127,
170, 175]. In addition, undesired acoustic losses occurring in SAW resonators due to
waveguide failure [179–182, II–V] or synchronous radiation to Rayleigh-wave modes
can be studied [183].
It should be emphasized that some of the above mentioned parameters or phe-
nomena are either impossible or extremely diﬃcult to determine via mere electrical
measurements. Thus, for studying parameters such as diﬀraction [22, 30, 33, 38, 41,
44, 48, 52, 57, 62, 70, 76, 100, 101, 103, 111, 113, 118, 126, 146–150], the generation and
build-up of surface acoustic waves within IDT structures [54,55,69,152,161,164,165],
mode symmetry distortions due to anisotropy [173] or the second-order leakage mech-
anisms [179–182, II–V], direct probing of the acoustic vibrations is the only viable
technique. It should also be noted that the list of parameters given above is by no
means comprehensive. It is merely an attempt to show that a vast number of ap-
plications for SAW visualization exists. As a slight overstatement one might argue
that any required parameter involved with designing SAW applications can be de-
rived directly from the measurements, provided that one is able to determine the
acoustic wave amplitude and/or phase either as a function of frequency or location,
or as a function of both, and with suﬃcient accuracy. However, it should be noted
that fulﬁlling the above conditions in practice can present a great challenge as well
as require very sophisticated measuring equipment.
The most severe demand for any given visualization technique is the high sensitivity
required to detect surface vibrations associated to surface acoustic waves. Typical
surface displacements in SAW components usually range from 10-11 m to 10-8 m, i.e.,
from 0.01 nm up to 10 nm. However, if weak second-order eﬀects are to be studied,
amplitudes as low as 0.001 nm may need to be detected. This requirement can be
compared to the typical thermal vibration amplitudes of aluminium atoms on the
surface of an aluminium layer in room temperature: ∼0.01 nm [184].
Further challenges arise if the acoustic wave has no out-of-plane oscillation compo-
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nents. This condition applies, e.g., to surface transverse waves (STWs), high velocity
pseudo surface acoustic waves (HVPSAWs), Bleustein-Gulyaev waves (BGWs), Love
waves, and surface skimming bulk waves (SSBWs). In these cases, detection meth-
ods which measure the out-of-plane surface shift or the tilt of the surface are not
applicable.
If individual wavefronts are to be separated, requirements for the spatial resolu-
tion (i.e., the area of the active probe tip, beam or the wavelength of the sampling
waveﬁeld) increase linearly with increasing SAW frequency, provided that the wave
velocity remains constant. For low-frequency components operating in the 10 MHz to
100 MHz regime, assuming the SAW velocity to be in the range 3000. . .5000 m/s, typ-
ical SAW wavelengths vary from 0.5 mm down to 0.03 mm (30 µm). Such resolutions
can easily be obtained via optical techniques (or even with physical probes). However,
for SAW frequencies at 1 GHz the wavelength is approximately 4 µm. Since the pe-
riod of a standing wave ﬁeld is only half of this (2 µm), very stringent demands are set
for the spatial resolution of the probe. For optical methods utilizing He-Ne lasers of
wavelength λ∼0.63 µm, the smallest achievable (realizable diﬀraction-limited) spot-
size is below 1 µm. With the help of short-wavelength UV-lasers, spotsizes below
0.5 µm can be achieved. Hence, optical methods are well suited up to 1 GHz and
above but cannot provide sub-wavelength spatial resolution at frequencies beyond
2 GHz. However, it should be noted that in some cases the sub-wavelength resolution
is not required. The parameters sought for can be successfully determined at a lower
spatial resolution [164, 165, 185]. Should sub-wavelength resolution above 2 GHz be
required, it can be achieved for example with the help of atomic force microscopes.
The typical probed surface in passive SAW components is divided into areas of
polished crystal and deposited aluminium. The piezoelectric crystal material is usu-
ally lithium tantalate (LiTaO3), lithium niobate (LiNbO3) or quartz (SiO2). All of
these crystals are optically transparent and qualify as electrical isolators. In strong
contradiction, the aluminium used for IDTs, reﬂector gratings, busbars, signal leads
and bond-wire pads is optically opaque, strongly reﬂective and has good conductiv-
ity. Special SAW components, e.g., high-frequency components, high-power ﬁlters or
chemical SAW sensors, may also feature various other materials such as gold, cop-
per, nickel, mixed metals, diamond, ZnO, AlN, PZT and chemically active thin ﬁlms.
However, the overwhelming majority of SAW components utilize one of the crystal
materials listed above along with aluminium. The diﬀerences in the optical properties
of the crystal material and the areas coated with aluminium often result in diﬀerent
sensitivities for the probe, depending on whether the measurement takes place on
top of the crystal surface or on top of the areas with deposited aluminium. For
accurate parameter extraction, the measurements can be limited to areas with uni-
form surface properties, or, normalization techniques can be applied. Some probing
techniques are only eﬀective either for crystal surfaces [34, 175, 181] or for metallized
surfaces [186, 187].
If the acoustic ﬁeld in a production component, instead of that in a custom-
designed test sample, needs to be imaged, some additional diﬃculties may arise due
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to the package and bond wires included in the assembly. The line of sight to the
crystal surface may be obstructed by the bond wires. It may also be diﬃcult to place
the optical system or the probe tip assembly physically close enough to the surface
of the chip due to the edges of the package and/or the bond wires. However, with
suitable optical components successful probing can be achieved even from packaged
samples, provided that the package lid has been removed [I].
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3 Scanning Michelson Interferometer
3.1 Optical Setup
The optical setup of the imaging system utilized in this work is a homodyne Michelson
interferometer. The setup features a good sensitivity and a simple optical construction
which enables straightforward beam control and focusing onto the sample.
Figure 3.1 shows a schematic of the Michelson interferometer. Light from the laser
is guided to the polarizing beamsplitter which divides the beam into the measuring
beam and the reference beam. The reference beam is reﬂected from the mirror and it
returns to the beamsplitter. On ﬁrst pass through the λ/4 plate, the reference beam
becomes circularly polarized, is reﬂected from the mirror and traverses the λ/4 plate
in the reverse direction. The polarization of the returning beam has now turned 90◦
from the original direction and it passes through the beamsplitter directly onto the
analyzer. The measuring beam is focused onto the sample surface, it becomes phase
modulated by the surface acoustic vibrations, and is reﬂected back to the beamsplit-
ter. Again, a λ/4 plate is used to rotate the polarization by 90◦. Thus, the reﬂected
measuring beam is guided through the beamsplitter onto the analyzer. An additional
glass plate is used to direct a small portion of the beam onto a photodetector. The
signal from this detector is used to record the light intensity reﬂected from the sample.
An analyzer projects the polarizations of the measuring and the reference beam
onto the same plane and the two signals interfere on a high-speed detector. The ﬁrst
two Bessel terms of the frequency-modulation spectrum at the detector are given by
P ∼ E2 + E ′2 + 2EE ′[J0(C) cos(φ)− 2J1(C) sinωSAW t sinφ]. (3.1)
Here the electric components of the ﬁelds for the measurement and reference beams
are denoted by E and E ′, respectively. The last term oscillating at the frequency
ωSAW is proportional to the surface vibration. The Bessel function of the ﬁrst kind
of order one, J1(C), is linear to a good accuracy for small arguments with values less
than 0.6. A theoretical limit for linear detection may be estimated from C = 4πA/λ ≤
0.6, where λ is the wavelength of the laser source (632.8 nm). This gives a value of
30 nm for the maximum vibration amplitude A that can be measured with a good
accuracy. Typical values for the surface acoustic amplitudes are on the order of a few
nanometers; hence, the condition for linear detection is valid.
It should be noted that the amplitude is modulated by the sin φ term, where φ
is the phase diﬀerence between the reference beam and the measuring beam. For
optimal eﬃciency, it should be set equal to π/2 + nπ. It can be shifted by adjusting
the optical path diﬀerence, that is, by moving the mirror or the sample.
The light source is a linearly polarized TEM00-mode He-Ne laser. The laser model
is Uniphase 1135P (λ = 632.8 nm, Pout=10 mW). The microscope objective is a
Nikon 354248 CF N Plan 40 x ELWD, which has a numerical aperture of 0.55 and
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a working distance of 5.08-6.84 mm. The high-speed photodetector is a Newport
818-BB-21, which according to the manufacturer has a bandwidth of 400 MHz. How-
ever, measurements have shown the bandwidth to extend well beyond 2 GHz when
the impedance matching between the detector and the subsequent RF-ampliﬁer is
carefully selected. Most of the optical components, mirrors, λ/4-plates and collimat-
ing lenses are from Newport. The optical table is a Performance Plus model from
Melles-Griot.
HeNe -laser
Beam splitter
High-speed 
detector
Light
detector
Collimator
lenses
Microscope
objective
Sample
Analyzer
l/4 Plate
l/4 Plate
Translation
stages
HP 8648D
Signal generator
RF Power feed
HP 8694E
Spectrum analyzer
Trigger
GPIB
GPIB
A/D
RF-amplifier
RF IN
Interface
MM2200
GPIB-card
Multi I/O-card
MM2000 Motion 
controller-card
PC
Mirror
Piezo element
Piezo driver
D/A
Figure 3.1: Schematic of the Michelson interferometer. Optical setup, sample trans-
lation stages, RF electronics, signal generator, spectrum analyzer and the piezo driver
unit are shown.
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3.1.1 Spatial Resolution
The spatial resolution is determined by the area of the focused laser beam. The initial
laser beam is the transversal mode TEM00, and it features a Gaussian intensity proﬁle.
When such a beam is focused, the smallest achievable beam diameter, deﬁned as the
1/e2 width, is [188, p. 419 and p. 187]:
δ =
4λf
πd
=
2λ
πNA
, (3.2)
where d is the beam diameter before the focusing lens, f is the focal length of the lens
and λ is the wavelength of the laser. The quantity NA is the numerical aperture. It
characterizes the focusing capabilities of the lens, provided that the incoming beam
ﬁlls the aperture of the focusing lens.
By increasing the width of the incoming beam, it is possible to achieve a smaller
focused spotsize. In practice, this is limited by the aperture of the lens. A shorter focal
length also results in a smaller spotsize but leads to a smaller depth of focus which
complicates maintaining focus. The numerical aperture contains information on both
of these lens properties and can be used to calculate the smallest achievable spotsize.
For the Nikon CF N Plan 40x, the NA is 0.55. Applying Eq. (3.2) yields approxima-
tely 0.73 µm for the smallest possible spot diameter for the laser source used, provided
that the incoming beam ﬁlls the aperture of the objective. The xy-translation stages,
Newport model MFN25CC, applied for moving the sample have a minimum step of
0.055 µm. However, this value merely deﬁnes the minimum incremental step at which
the sample can be shifted. It does not give the spatial resolution of the setup, which
is determined solely by the spotsize, calculated here to be 0.73 µm.
It should also be noted that the spotsize sets a possible upper limit to the frequency
range of the laser probe. The diameter of the measuring beam must be less than half
the wavelength of the surface acoustic wave. Thus the surface acoustic wavelength
must be longer than 1.5 µm, yielding an upper theoretical limit of 2.7 GHz. Here
the velocity of the surface acoustic wave is assumed to be approximately 4000 m/s.
However, in practice the measuring electronics, especially the bandwidth of the high-
speed photodetector used, is much lower than the 2.7 GHz estimated as the spotsize-
limited detection bandwidth.
3.1.2 Sensitivity
For achieving maximal amplitude resolution, several conditions must be fulﬁlled. The
phase diﬀerence between the measuring and the reference beam must be π/2 + nπ.
Unless the beams are accurately aligned, slight phase diﬀerences will occur across
the area of the detector where the beams interfere, and the measured signal will
weaken [97, pp. 87-89]. Poor collimation of the beams can also result in similar phase
diﬀerences and loss of sensitivity.
The reﬂectivity of the sample surface should be high. If the surface possesses a
low reﬂectivity, the reﬂected measuring beam will have a low intensity in comparison
to the reference beam. This imbalance will decrease the interference signal.
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Although the optical conditions are critical for the sensitivity of the setup, it is
the electronics and especially the photodetector–along with the preampliﬁer–which set
the lower limit for the detectable surface vibration. Poor noise characteristics of the
photodetector and the ampliﬁer will result in inferior amplitude resolution even if the
optical components were selected and positioned with the greatest care. Taking the
above factors into consideration the minimum shot-noise-limited detectable surface
vibration, or noise-equivalent displacement for a diﬀusing surface is given by Scruby
and Drain [97, p. 96] as
Amin =
1
4
δ
(
hν∆f
ηPout
)1/2
, (3.3)
where δ is the focused spotsize, h is the Planck constant, ∆f is the selected detection
bandwidth, ν is the light frequency, η is the quantum eﬃciency of the detector and
Pout is the laser power.
According to the manufacturer, the quantum eﬃciency of the Newport 818-BB-21
detector at the wavelength 632.8 nm is 0.55. Calculating the minimum resolution
for a 0.7 µm spotsize we obtain a value of 0.3 · 10-4A˚/√Hz for the calculated sensi-
tivity. In order to determine the sensitivity experimentally, a piezoelectric element
equipped with a reﬂecting mirror surface was used to replace the sample. To achieve
the calibration of the interferometer signal and the surface vibration amplitude of the
sample, the measured signals at the drive frequency (400 kHz) and at the second-
harmonic and third-harmonic frequencies were recorded at diﬀerent drive levels of
the piezoelectric element and ﬁtted to the values of the corresponding Bessel func-
tions given by the modulation theory. A minimum detectable surface displacement of
1.1± 0.2 · 10-2A˚ for a 10 kHz detection bandwidth was obtained, resulting in a sen-
sitivity of 1.1± 0.2 · 10-4A˚/√Hz for the probe. The higher detection limit, compared
with the calculated value, is due to the light intensity and coherence losses at the
nonideal optical surfaces and the added noise resulting from the ampliﬁcation of the
detector signal.
3.2 Accessories
In addition to the optical components and the photodetectors, a number of other
instruments are required for creating a measurement system capable of producing
areal scans of the surface acoustic wave ﬁeld. The computer, RF electronics and
the translation stages needed to supplement the interferometer into a fully operative
system are shown in Figure 3.1.
3.2.1 Detection Electronics
The RF electronics of the setup include a low-noise ampliﬁer, spectrum analyzer and
a signal generator. Two optional ampliﬁers may be used. For the low-frequency
samples, operating below 500 MHz, a Mini-Circuits low-noise broadband model ZFL-
500LN is employed. It possesses a gain of 24 dB, a noise ﬁgure of 2.9 dB and its
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bandwidth is 0.1–500 MHz. For high-frequency samples, a Mini-Circuits low-noise
model ZFL-1000LN is applied. It features a gain of 20 dB, the noise ﬁgure is 2.9
dB, and its bandwidth is 0.1–1000 MHz. Both ampliﬁers act as high-pass ﬁlters and,
thus, no DC signal is passed on to the spectrum analyzer. The spectrum analyzer
is a Hewlett-Packard model 8594E. It has a bandwidth of 9 kHz – 2.9 GHz and can
be fully controlled via the general-purpose interface bus (GPIB). It is also capable
of operating in a zero-span mode. This enables one to measure the amplitude of a
selected frequency as a function of time. The receiver bandwidth may be selected in
the range from 1 kHz to 3 MHz. The signal generator used as the RF power source is
a Hewlett-Packard model 8648D. It has a bandwidth of 9 kHz – 4 GHz and maximum
output power of 21 dBm. It can also be fully controlled via the GPIB.
When the correct signal from a measuring point is to be achieved, two separate
phenomena must be considered. First, the sample surface must be at the focus of
the objective. Second, the phase diﬀerence between the measuring and the reference
beams must equal π/2 + nπ. Tuning the interferometer at each point is achieved by
applying a fast scheme which locates the quadrature points of the signal. The spec-
trum analyzer is set to zero-span mode, where it acts as a tuned receiver and records
the amplitude of the tuned frequency as a function of time. Since the reference mirror
is simultaneously moved with the piezo element, the response of the interferometer
is obtained as function of the path diﬀerence over a few optical wavelengths. From
this response, four maxima are located and averaged to yield the SAW amplitude.
The receiver bandwidth of the spectrum analyzer is set to 3 kHz. A narrower receiver
bandwidth can be used to increase the sensitivity but this is limited by the spectrum
analyzer. The applied scheme serves to eliminate the need for stabilization circuits
and provides a high tolerance against external low-frequency vibrations since a nar-
row receiver band is applied and the signal maxima are always detected. The sweep
can be performed in less than 50 ms, thus enabling measuring speeds above 70 000
points/hour. However, the translation stages limit the highest achieved scanning
speed to 50 000 points/hour.
3.2.2 RF Shielding
Radio frequency (RF) shielding is required to prevent the direct leakage of the RF
signal from the sample to the detector. This radio-frequency interference (RFI) dis-
torts the results since it produces a constant amplitude at the spectrum analyzer.
By attenuating the leakage to a level below the measurement noise level it proves
possible to remove this distortion from the results. Leakage can either be due to a
direct radiation from the sample, or it can be caused by conduction through elec-
tronics. Direct conduction can be isolated by keeping the RF signal generator and
the detection electronics electrically separated. Yet, in the present system this is not
possible since the spectrum analyzer and the signal generator must share a common
GPIB data cable. Fortunately, the GPIB ports of these devices are eﬃciently iso-
lated from the RF electronics. Therefore, direct conduction does not pose a problem.
However, radiation from the RF power feed cable, the jig and the sample creates
- 15 -
serious problems. This is due to the high frequency of the signal, which varies from
100 MHz up to 1 GHz, depending on the sample under study. Since above 30 MHz
the leaked signal is usually radiated, it is clear that the possible leakage problems
are to be attributed to the radiation leakage. Such leakage can be suppressed either
by shielding the detection electronics from the radiation or by preventing radiation
at the source, i.e., the RF power feed cable, the jig assembly, and the SAW sample.
With the interferometer, both methods have been implemented.
To shield the detecting electronics, the high-speed photodetector is placed in a solid
steel case equipped with a removable lid. A hole with a small diameter allows the laser
beam to reach to the detector. The electrical connection to the box is completed with
carefully grounded connectors and, in addition, the cables running from the detector
to the RF ampliﬁer and from the ampliﬁer to the spectrum analyzer possess high
screening eﬃciency of 120 dB for frequencies ranging from 100 MHz to 1 GHz. In
order to eliminate RF radiation at the source, the SAW sample, translation stages
and the jig assembly are enclosed into an aluminum case with a detachable lid and
side walls. Again, considerable eﬀort has been taken to ensure proper connections
from and into the shielding case. The RF power is fed through a grounded connector
and the voltage and controlling signals operating the translation stages are connected
via RF-ﬁltered multipin connectors providing more than 40 dB of RFI attenuation
at 1 GHz. This prevents possible RF leakage induced into the data cables within the
case from escaping the enclosure.
With all the above arrangements, a typical leakage signal measured at the spectrum
analyzer is −120 dBm when a 1 GHz SAW sample is being driven with +20 dBm RF
power. Since the noise level of the detector signal is approximately −108 dBm, the RF
leakage is well below the noise limit and does not distort the measurement. For lower
frequencies, in the range of 100 – 200 MHz, the leakage signal is already unmeasurably
small. Apart from preventing the direct leakage of the RF signal from the sample
into the detector, the RF shielding also serves to eﬀectively prevent external sources,
such as radio or mobile phone transmissions, from interfering with the measurements.
3.2.3 Control Software
The tasks of controlling the high-precision translation stages, multi I/O card, GPIB
card, signal generator and the spectrum analyzer are handled by the control software.
Although most of the functions performed by the software could be accomplished with
a commercially available software package such as Labview, there are some procedures
where optimized code is necessary. In particular, the mirror sweeping sequence re-
quires the possibility to tune the code freely in order to achieve the maximum speed.
Therefore, the control software has been fully programmed in house. The program-
ming, including the graphical user interface, was carried out with Visual Basic. The
user interface provides the necessary ﬂexibility needed in conﬁguring, tuning and op-
erating the measuring devices and in selecting the scanning parameters. The user is
able to simultaneously access the translation stages, the signal generator, the spec-
trum analyzer, and the scanning parameters from a single screen.
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4 Acoustic Losses in Leaky SAW
Resonators
4.1 Leakage to Busbars - ”The Banana”
Leaky surface-acoustic wave (LSAW) devices operating at radio frequencies are widely
employed in modern telecommunication systems. Electrical measurements of LSAW
resonators on rotated Y-cut lithium tantalate (LiTaO3) substrate [189] typically fea-
ture losses not predicted by phenomenological models which assume an inﬁnite aper-
ture [194], see Fig. 4.1. The same limitation often applies to other fast analysis models
used for LSAW, such as coupling-of-modes (COM) models [190–193]. Hence, possible
2D eﬀects are typically not included in the simulations.
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Figure 4.1: Measured admittance and conductance of a synchronous resonator
as a function of frequency. Also shown are the results from a phenomenological
model [194]: the modeled conductances, i.e., losses, are too low.
Early laser-interferometric measurement of a 947.5 MHz GSM Rx SAW ﬁlter on
36◦ LiTaO3 supporting a leaky SAW mode showed evidence of surface acoustic waves
escaping from the parallel resonators of the ladder-type impedance element ﬁlter [195].
This discovery inspired further measurements even though at the time the connection
between the unexplained electrical losses and the observed leakage was not recognized.
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4.1.1 Interferometric Measurements
Leakage to busbars similar to that published in [195] was observed in the series res-
onator of a ladder-type impedance element duplexer intended for the ISM band re-
alized on 36◦ YX-cut LiTaO3. These results were reported in Paper II. The banana-
shaped form of the leakage evident in Fig. 1 of Paper II resulted in the nickname
”banana” for the discovered leakage eﬀect.1 Soon after the escaping acoustic beams
were identiﬁed as leaky surface acoustic waves and their behaviour was qualitatively
explained through the crystalline anisotropy of the lithium tantalate substrate [III].
Further evidence of the leakage was observed also in parallel resonators of a du-
plexer [IV]. This observation helped to explain the mismatch in the passband part of
the response curves between the improved coupling-of-modes (COM) model and the
circuit simulation [IV]. The circuit simulation in Paper IV was extensive, taking into
account the inductive, resistive and capacitive package parasitic eﬀects. Outside the
passband, the levels of suppression were correctly predicted by the improved COM
model and the circuit simulation. This further emphasized the frequency dependence
of the discovered leakage eﬀect.
Selected laser-interferometric scans, measured from a single test resonator encom-
passing 120 electrode pairs in the IDT and 50 electrodes in each reﬂector, are illus-
trated in Fig. 4.2. The resonator is aligned with the crystal X-axis. The scanning
steps of the translation stages were chosen as 0.495 µm along the length of the res-
onator and 0.99 µm in the transverse direction. The number of measurement points in
the longitudinal and transverse direction were 1900 and 230, respectively. It should be
noted that the interferometer only detects the time-averaged value of the shear verti-
cal component and that the displacements on the metallized and free crystal surfaces
are not in scale. This is the combined eﬀect of two mechanisms. First, the interfer-
ometer response drops on top of the crystal surface as the reﬂected beam intensity
drops signiﬁcantly. As discussed in Chapter 3, this leads to a reduced signal level.
Second, on the metallized surface, the ratio of the shear vertical component of the
particle displacement–detected by the interferometer–to the dominating transversal
component is small for the LSAW, and, on crystal surface, it reduces further [153,197].
Independent experimental evidence of the leakage mechanism was provided by
Miyamoto, Wakana, and Ito from Fujitsu Laboratories. They published results both
in 2002 [181] and 2003 [182]. Their use of polarization detection through the crystal
enabled the study of the dominating shear transversal component. Hence, in addi-
tion to independently conﬁrming the existence of the busbar leakage, the work of
Miyamoto and his colleagues also proved correct the predictions given in Papers III
and V regarding the symmetrical nature of the shear transversal component of the
leakage.
1This nickname should not be confused with the piezoelectric crystal Ba2NaNb5O15 which has also been referred
to as ”banana” [196, p. 254]
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(a) 891 MHz
(b) 904 MHz
(c) 907 MHz
(d) 911 MHz
(e) 917 MHz
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100 µm
Figure 4.2: Experimental shear vertical displacement proﬁles measured with a laser
probe, featuring LSAW radiation to the busbars in a test resonator on 36◦YX-cut
LiTaO3. Below the resonance frequency (a, b) the radiation is weak, but strong ra-
diation occurs slightly above the resonance (c, d). Towards a quenching frequency
of about 917 MHz the radiation diminishes (e) and virtually disappears (f, g). The
displacements on the metallized and free crystal surfaces are not in scale.
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Figure 4.3: Schematic LSAW slowness curve. Depending on the slowness along x,
two (weak radiation regime, I) four (strong radiation regime, II) or zero (radiation-free
regime, III) LSAW modes may exist.
4.1.2 Theoretical Analysis
The strong frequency dependence of the LSAW radiation to the busbars may be
qualitatively understood on the basis of the curvature of the LSAW slowness curves.
As illustrated in Fig. 4.3, these may be characterized by two thresholds: the slow-
ness for LSAW propagating along the X-axis of the crystal, sm0, and the maximum
x-component of the slowness, sm1. Both slowness thresholds are functions of the
frequency-thickness product fh, where h is the metallization thickness.
Because the busbars are of uniform metal, synchronous radiation of the LSAWs
into the busbars is possible if the metallized crystal surface supports propagating
eigenmodes with the same x slowness. Comparing the standing-ﬁeld slowness sx with
the threshold slownesses sm0 and sm1, three radiation regimes are identiﬁed, separated
by solid lines in Fig. 4.3.
1. Regime of weak radiation (I). For |sx| < sm0, the metallized surface supports a
pair of LSAW eigenmodes with transverse slownesses |sy|. Consequently, synchronous
busbar radiation is allowed but, because the corresponding transverse wavenumbers
are fairly large, the coupling to the ﬁeld in the resonator is weak.
2. Regime of strong radiation (II). For sm0 < |sx| < sm1, the metallized surface
features two pairs of LSAW eigenmodes which merge into one pair as |sx| → sm1. For
|sx| ∼ sm0, the transverse slownesses are very small for one of the pairs, and acoustic
energy propagates almost parallel to the crystal X-axis. Hence, the coupling to the
standing wave ﬁeld in the active region may be considerable, and pronounced LSAW
radiation to the busbars is expected. The strength of the excitation depends on the
structure.
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Figure 4.4: Estimated relative stopband frequencies f/fB prone to synchronous
LSAW busbar radiation on 42◦ LiTaO3, as a function of the relative metal thickness
h/2p. Here, fB denotes the bulk-wave threshold frequency vB/2p, with vB=4226.5
m/s.
3. Radiation-free regime (III). For |sx| > sm1, there are no LSAW eigenmodes
on a metallized surface. Synchronous busbar radiation is prohibited, but weak non-
synchronous radiation may occur.
It should be noted that the relative threshold frequencies obtained only depend
on the relative ﬁlm thickness h/2p in the busbars. Here, p is the center-to-center
distance of adjacent electrodes. The relative threshold frequencies are independent
of, for example, the shape and the width of the electrodes.
The threshold frequencies are shown in Fig 4.4 for the 42◦-cut LiTaO3. For the
metallization thickness (h/2p = 5.6%) and the pitch of the test resonator (p = 2.214
µm) an upper threshold frequency of about 916.7 MHz is predicted. This agrees well
with both the laser-interferometric images, see Fig 4.2, and the parasitic conductance
observed in Fig 4.1. The former comparison also conﬁrms that the radiation in the
regime of weak radiation is indeed faint as predicted by theory.
Due to the anisotropy of the substrate crystal the detected radiation is spatially
asymmetric. Although the LSAW slowness curves are symmetric about the crystal
X-axis, the polarization is not, see Fig. 4.5. The asymmetry of polarization is par-
ticularly strong for the shear vertical component U3 detected by the interferometer,
explaining the observed asymmetry of the leakage.
In addition to the qualitative analysis, a phenomenological simulation was carried
out to estimate the losses caused by the LSAW busbar radiation [V]. The outcome of
the simulation is that the busbar radiation well explains the experimentally observed
increase in the conductance close to the resonance frequency, see Fig. 4.1.
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Figure 4.5: Computed polarization for LSAWs propagating on a metallized LiTaO3
surface at an angle θ with respect to the crystal X-axis: (a) the relative magnitude and
(b) the relative phase of components of mechanical displacement, normalized to the
angular frequency ω = 2πf and the charge density σ. The displacement components
are; U1 longitudinal, U2 shear horizontal and U3 shear vertical. Out of these, the shear
horizontal displacement is dominant while the shear vertical component is detected
by the interferometer.
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4.2 Bulk Acoustic Wave Radiation
The earlier work related to bulk acoustic wave radiation in surface acoustic wave de-
vices is extensive. The ﬁrst experimental results date back to 1967 [18], and several
studies were made in the 70s [39, 46, 47, 56, 59–61, 68, 71, 72, 75, 82, 83, 85–87] while
more recent research papers, involving direct detection of BAWs, appear to be few
in number and involve very few groups [112,125,153,167,168]. The measurements of
BAW ﬁelds reported by Chiba and Togami are particularly impressive: they provide
direct information on the propagation of BAWs inside LiTaO3 and LiNbO3 and on
BAW reﬂections from crystal interfaces [75,83,85]. Goruk et al. have also obtained im-
pressive results by using various optical detection techniques [72,82,86,87]. However,
the only reported experimental measurement of BAW radiation in LSAW resonators
appears to be that of Jen and Hartmann [153]. They applied a knife-edge detection
technique and Fourier analysis and succeeded in demonstrating the existence of slow
shear bulk acoustic waves (SSBAW) reﬂected from the crystal bottom interface and
arriving on the top side of the substrate. Prior to this, Hartmann and Plessky had
reported electrical measurements which indirectly indicated the existence of SSBAW
propagation path in LSAW test samples [198].
4.2.1 Interferometric Measurements
In order to study the BAW radiation from LSAW resonators, we applied our inter-
ferometer to measure a specially constructed sample, see Fig 4.6, which enabled laser
probing directly from the backside of the substrate [VI]. The measured proﬁles are
shown in the series of scans in Fig 4.7.
jig
substrate
(LiTaO3)
bond wires
LSAW
resonator
transmission
lines
measurement
beam
BAW radiation
Figure 4.6: Schematic of the sample construction used for measuring the bulk-
acoustic wave reﬂection patterns at the bottom surface of the substrate. By ﬂipping
the assembly, interferometric measurements can be performed on the top side.
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The test resonator employed is a synchronous LSAW resonator on 36◦ YX-cut
LiTaO3 substrate. The sample is the one studied also in Paper V (selected scans
from the topside are displayed in Fig 4.2). In the bottom scans shown in Fig 4.7, the
resonator is located at the center of the image, but on the opposite side of the sub-
strate. Each scan consists of 762 000 individual measurement points and the scanning
step sizes are 1.65 µm in the transverse direction and 5.5 µm in the longitudinal direc-
tion. The time required for each scan was little over 22 hours resulting in a scanning
speed of ∼34300 points/hour. Maximum scanning speed is not achieved due to the
relatively long scanning step sizes. The long-term stability of the interferometer is
suﬃcient for such long-running scans, though beam alignment is deﬁnitely advisable
between scans.
At frequencies 906 MHz (resonance) and 934 MHz (antiresonance), the slow shear
bulk acoustic waves (SSBAWs) arriving at the substrate bottom are visible as two
patterns of high amplitude. The second arrivals of bulk acoustic waves at the substrate
bottom after reﬂections from the top surface, though possessing weaker amplitudes,
are also visible at 906 and 934 MHz. The energy-ﬂow angle into the substrate varies
only slightly. A white dotted line with rectangular boxes is shown in Fig 4.7 to
indicate the location of the ﬁrst SSBAW reﬂection occurring on the right hand side.
Well above the stopband, at frequencies 970 MHz and 1 GHz, the images feature
additional distinct patterns whose energy-ﬂow angles strongly depend on the fre-
quency, shown in Fig 4.7 with a white dotted line with ellipsoidal circles. They were
identiﬁed as directly excited fast shear bulk acoustic waves (FSBAWs) arriving at the
bottom. At 950 MHz, continuous and semiperiodic patterns appear, extending to the
edges of the scanned area. Due to their larger propagation angle, these patterns have
been identiﬁed as the ﬁrst appearance of the backward eigenmode-coupled FSBAW.
For higher frequencies, these FSBAW patterns consist of two small (parallel) spots.
Two arrows have been added to Fig 4.7(i). They point to the two spots located on
the right hand side. In addition, a white dotted line in Figs. 4.7(e)–(i) approximately
follows the location of one of the patterns. Interestingly, backward eigenmode-coupled
FSBAW occurs only at the reﬂectors. The periodic pattern at 950 MHz is assumed
to be related to the ﬁnger structure. It is suggested in Paper VII that radiation from
each individual reﬂector ﬁnger shows up as a separate pattern on the backside.
From the scans in Fig 4.7, the experimental energy-ﬂow angles for each mode are
calculated using the known substrate thickness (345 µm) and the location of each
pattern on the substrate backside. It should be noted that the experimental values
exhibit a small (∼1 MHz) downward frequency shift, due to the elevated temperature
induced by the high input power used (21 dBm).
4.2.2 Theoretical Analysis
A periodic array of electrodes can radiate bulk acoustic waves via three diﬀerent
mechanisms: (i) direct excitation, (ii) eigenmode leakage and (iii) scattering into
bulk acoustic waves.
Direct excitation: Since the period of the voltage applied across the structure is
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934 MHz(d) 934 MHz
970 MHz(f) 970 MHz
906 MHz(c) 906 MHz
1000 MHz(h) 1000 MHz
500 µm µm
891 MHz(a) 891 MHz
902 MHz(b) 902 MHz
1035 MHz(i) 1035 MHz
950 MHz(e) 950 MHz
(g) 980 MHz
Figure 4.7: Measured bulk-acoustic wave reﬂection patterns at the bottom surface
of the SAW substrate.
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λ0 = 2p, the resonator generates waves for which the x component of the wavevector
is a multiple of 2π/λ0 = π/p. A bulk-acoustic wave mode i can be generated when
the condition ki(θ) cos θ = nπ/p is fulﬁlled.
Eigenmode leakage and scattering into bulk acoustic waves: In addition to the
directly excited waves, eigenmodes propagate in a SAW resonator to both directions.
Owing to reﬂections from the electrodes, the Fourier decomposition of the eigenmodes
contains components for which the x component of the wave vector is of the form
±keig+n2π/p, where n is an integer. The eigenmodes can couple to the bulk acoustic
waves, provided that the condition ki(θ) cos θ = ±keig + n2π/p is met. In practice,
the cases n = 0,−1 are involved at the fundamental frequency. In the case n = 0,
the eigenmode leaks into BAWs; for n = −1, the reﬂected eigenmode scatters into a
BAW.
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Figure 4.8: Measured (points) and calculated (continuous curves) values of the
energy-ﬂow angles for the various BAW radiation patterns.
For the LSAW resonator studied here, there occurs SSBAW radiation due to both
of these mechanisms. The emission angles for the direct excitation of BAW can be cal-
culated with help of Peach’s method, see [199]. The computation of the leakage of the
eigenmodes and the scattering is more involved and requires a self-consistent solution
of the dispersion equation. Slowness along the surface as a function of frequency has
been determined by applying Plessky’s 2-parameter dispersion relation [200]. There-
after, the Peach equation [199] along with data by Kovacs et al. [109] has been used to
ﬁnd the z-slowness and ﬁelds of those BAWs with the given surface slowness. Finally
the Poynting vector for the x,z-slowness and ﬁelds have been computed and the angle
of energy ﬂow calculated from α = arctanPz/Px.
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Simulated and measured results are shown in Fig 4.8. The threshold frequencies
for the FSBAW (direct and backward) are explained since the x component of a
bulk acoustic wave can obtain all values in the range |(ki)x| ≤ 2πf/(vi)x|c, where
(vi)x|−1c =max[cos θ/v(θ)]. Hence a bulk acoustic wave mode i can be synchronously
excited at all frequencies above the threshold value (fB)i = (vi)x|c/2p. LSAW res-
onators usually operate at frequencies slightly below the threshold frequency for fast
shear bulk acoustic waves. Hence the SSBAW is excited directly, while the FSBAW
is only excited above the threshold frequency.
The minor discrepancies in Fig 4.8 between the calculated and experimental re-
sults are attributed to the approximations used in the computations, especially those
concerning the backward eigenmode-coupled FSBAW.
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5 Conclusions and Discussion
This Thesis focuses on laser-interferometric measurements of leaky surface acoustic
waves (LSAW) on rotated Y-cut LiTaO3. LSAW resonators form the basic operational
blocks of impedance element surface acoustic wave ﬁlters which are commonly used in
mobile phone front-end circuitry. The present work consists of (i) development of the
homodyne Michelson interferometer setup and (ii) application of the interferometer
to image and analyze acoustic phenomena in LSAW resonators on 36◦ YX-cut LiTaO3
and 42◦ YX-cut LiTaO3.
In the course of this work a homodyne Michelson interferometer was equipped with
high-speed photodetector, high-precision motorized scanning stages, a piezo element
for controlling the reference mirror as well as RF-isolation to suppress interference
between the sample and the detection electronics. Furthermore, the complete setup
was automated with the help of a computer and control software.
The system is capable of measuring surface waves with amplitudes on the order of
a few picometers and wavelengths down to 2 micrometers. The optical setup features
a spatial resolution better than one micrometer, and allows samples to be measured
at a suﬃcient working distance to accommodate bond wires and package assemblies.
The motorized stages can position the sample with submicron accuracy. The high
sensitivity and good spatial resolution of the interferometer system combined with
its capability to measure surface vibrations up to 2 GHz have proven it to be an
eﬀective analysis tool for surface acoustic wave devices. The computer control and
data-storage schemes implemented into the imaging system facilitate two-dimensional
automatically performed scans with a high number of scanning points (in the excess
of million data points per measurement) and measuring speeds up to 50 000 points
per hour. The interferometer setup is reported in Paper I.
Measurements performed on LSAW impedance element ﬁlters revealed an unex-
pected surface-wave amplitude ﬁeld on top of the busbars. These measurements (Pa-
pers II and IV) showed that waves escaped outside the waveguide structure. Further
measurements on a test resonator on LiTaO3 revealed the frequency dependence and
the antisymmetrical nature of the leakage. A model explaining the observed phenom-
ena was developed [III] and simulations were performed to conﬁrm that the observed
leakage deteriorates the electrical performance of the resonator close to its resonance
frequency [V]. A more detailed discussion on the modelling techniques used can be
found in the PhD work of Julius Koskela [201]. The signiﬁcance of the discovered
eﬀect is evident as two major SAW component manufactures have later published
results on the topic as well as developed new device designs where measures have
been taken to suppress the leakage mechanism [202, 203]. In addition at least one
European SAW component manufacturer has implemented new designs which aim at
eliminating the leakage.
In addition to the work on waveguide leakage, measurements on the BAW radi-
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ation ﬁelds have been carried out and reported in Papers VI and VII. Radiation of
bulk acoustic waves is inherent and one of the most signiﬁcant loss mechanisms in
LSAW resonators. Many analytic models as well as numerical simulations have been
published on the subject. Many factors, e.g., the choice of the piezoelectric substrate
material, crystal cut, and thickness of the electrodes, play a role for BAW radiation.
These are introduced in more detail in [201]. Although theoretically determined pa-
rameters for small radiation losses are known and their values have been veriﬁed via
electrical measurements, only few publications featuring direct measurements of the
bulk radiation exist. By measuring the BAW radiation patterns on the backside of
the crystal, both fast shear and slow shear bulk waves were shown to be present.
Diﬀerent coupling mechanisms, backscattering, and direct excitation were also iden-
tiﬁed. The results yield unique information on BAW radiation ﬁelds generated by a
LSAW resonator on LiTaO3.
Though providing valuable information which is impossible to obtain via electrical
measurements alone, the homodyne interferometer described here has its limitations.
Due to a diﬀerence in the reﬂectivities of the crystal surface and the metallized elec-
trodes, the sensitivity of the interferometer varies for the crystal and metallized sur-
faces. The absolute surface vibration amplitude cannot be obtained without tedious
calibration against a known reference. In practical measurements involving SAW
devices such a procedure was never attempted. A further shortcoming, due to the
selected electrical detection setup, is the fact that information on the phase of the
acoustic vibrations is not obtained. Furthermore, the homodyne detection scheme is
vulnerable to RF-crosstalk between the sample and the detection electronics.
To overcome these limitations a second scanning interferometer utilizing optical
heterodyning is currently under development at the Materials Physics Laboratory
of Helsinki University of Technology [204]. By using the laser wavelength as a fun-
damental reference, the setup provides an absolute amplitude, thus overcoming the
issues concerning the diﬀerent reﬂectivities and eliminating the need for calibration
samples. The detection scheme also provides phase information and is not prone to
direct RF-crosstalk between the sample and the detection electronics. Owing to the
optical heterodyning, the setup is immune to optical path length variations which en-
ables line scans and frequency sweeps. Both of these measurement modes can provide
signiﬁcant improvements to the overall measurement speed.
The applications for the heterodyne interferometer, and for optical imaging tech-
niques in general, are manifold. Analysis of the existing device designs provides a
plethora of future research topics. For example, quantitative measurements on the
bulk acoustic radiation in LSAW devices would be valuable for a number of reasons. In
addition, the development of mobile telecommunication applications towards higher
operation frequencies requires new substrate materials and crystal cuts and wave types
with high wave velocities. Direct optical measurements have served to characterize
the acoustical properties of new materials and waves in the past and will probably
do so in the future. Parameters important for device design such as wave velocity,
attenuation, diﬀraction and reﬂection can all be obtained with the heterodyne probe.
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In addition to oﬀering advantages for the SAW technology, the direct measurement
of the surface vibrations can greatly beneﬁt the R&D work on devices based on thin-
ﬁlm bulk acoustic resonators (FBAR). Interferometric techniques have already been
applied to analysis of FBARs [205–208]. Another emerging technique where interfer-
ometry can be applied is research of radio-frequency microelectromechanical systems
(RF-MEMS) [209–211]. Finally, nonlinear eﬀects in all of the above applications
provide many challenging and interesting research topics.
In view of the results obtained in this Thesis and by other groups working in
the ﬁeld it is evident that optical imaging will continue to beneﬁt both the scien-
tiﬁc research on physics of surface and bulk acoustic waves and the industry driven
development of SAW, BAW and RF-MEMS components.
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Abstracts of Publications I–VII
I A scanning homodyne Michelson interferometer is constructed for two-dimen-
sional imaging of high-frequency surface acoustic wave (SAW) ﬁelds in SAW
devices. The interferometer possesses a sensitivity of ∼ 10-5nm/√Hz, and it is
capable of directly measuring SAW’s with frequencies ranging from 0.5 MHz up
to 1 GHz. The fast scheme used for locating the optimum operation point of
the interferometer facilitates high measuring speeds, up to 50,000 points/h. The
measured ﬁeld image has a lateral resolution of better than 1 µm. The fully
optical noninvasive scanning system can be applied to SAW device development
and research, providing information on acoustic wave distribution that cannot be
obtained by merely electrical measurements.
II The experimental discovery of a novel acoustic loss mechanism in SAW ﬁlters
at RF frequencies is reported. The phenomenon is characterized by an unex-
pected spatial distribution of the surface-acoustic wave ﬁeld. The observation
and measurements were performed with a specially constructed scanning laser-
interferometric probe. Current simulation methods and known phenomenological
models applied to SAW resonators have no predictive ability to describe the dis-
covered eﬀect.
III We discuss an acoustic loss mechanism in surface-acoustic wave resonators on
36◦ YX-cut lithium tantalate substrate. Recent acoustic ﬁeld scans performed
with an optical Michelson interferometer reveal a spatially asymmetric acoustic
ﬁeld atop the busbars of a resonator, giving rise to acoustic beams which escape
the resonator area and lead to undesired losses. Here, we link the phenomenon
with the inherent crystalline anisotropy of the substrate: the shape of the slowness
curves and the asymmetry of the polarization for leaky surface-acoustic waves,
propagating at an angle with respect to the crystal X-axis.
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IV Surface acoustic wave (SAW) impedance element antenna duplexers provide
compact, high performance, front-end components apt for industrial fabrication.
We describe investigations on the design and modeling of a compact ISM antenna
duplexer fabricated on a 36◦ YX-cut LiTaO3 substrate based on SAW impedance
elements. In particular, we have performed 3-D modeling of the inductive and
capacitive electromagnetic couplings caused by the package parasitics for the
duplexer. The use of a 1:3 IDT structure for the reduction of the passband
width is discussed. The frequency response of the duplexer is predicted with the
help of circuit simulation; the modeling is reﬁned by optimization of the model
parameters to improve the ﬁt between the measured and simulated responses.
We also report scanning optical imaging of the acoustic ﬁeld within the resonator
structures with the help of laser interferometry; this provides insight into the loss
mechanisms beyond that attainable in mere electric measurements.
V We discuss acoustic losses in synchronous leaky surface acoustic wave (LSAW)
resonators on rotated Y-cut lithium tantalate (LiTaO3) substrates. Laser probe
measurements and theoretical models are employed to identify and characterize
the radiation of leaky waves into the busbars of the resonator and the excita-
tion of bulk acoustic waves. Escaping LSAWs lead to a signiﬁcant increase in
the conductance, typically occurring in the vicinity of the resonance and in the
stopband, but they do not explain the experimentally observed deterioration of
the electric response at the antiresonance. At frequencies above the stopband,
the generation of fast shear bulk acoustic waves is the dominant loss mechanism.
VI The ﬁrst direct experimental observation of bulk-acoustic wave radiation from
a leaky surface-acoustic wave transducer, measured arriving at the backside of
the piezoceramic substrate, is reported. A scanning laser-interferometric probe
is used to map the spatial distribution of the bulk-wave radiation patterns on
the substrate bottom. The diﬀerent energy-ﬂow angles into the substrate are
obtained as functions of frequency and used to identify the corresponding bulk-
wave modes arriving at the substrate bottom.
VII The bulk-acoustic conductance in low-loss surface-acoustic-wave ﬁlters utilizing
leaky surface-acoustic waves is signiﬁcant for the device operation. Here we
directly measure the bulk acoustic wave radiation pattern on the backside of the
piezoelectric substrate with the help of a scanning laser-interferometer probe.
For the case studied, a leaky surface-acoustic wave resonator on 36◦YX-LiTaO3,
a numerical calculation is carried out and the diﬀerent bulk-wave modes arriving
at the substrate bottom are identiﬁed by comparing the measured and computed
energy-ﬂow angles. The results are expected to lead to improved models for
describing the operation of low-loss surface-acoustic-wave ﬁlters.
